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NOTATION

A area
a speed of sound
C capacitance
C;, C¥ defined in table 3
vl Py

“ooTW
4 constant volume process
CS contact surface (interface)
D diameter
a* nozzle throat diameter
AE specific energy of reaction
In natural resonant frequency
G defined in appendix B
g equivalence factor (seeeq. (2))
H enthalpy

model flow starting parameter

Ky catalytic reaction rate

L inductance or length

L shock wave—interface separation distance
Le Lewis number

M Mach number

Mg effective freeze Mach number

M ST shock wave Mach number for tailored interface



PT7

p

(Pr) FR

vl e

St

decrement in M S due to viscous attenuation

molecular weight

pressure

surface pressure in inviscid flow

pitot pressure

viscous induced pressure

“frozen” Prandtl number

capacitor bank energy

stagnation heating rate

resistance; radius of curvature; gas constant
Reynolds number

Reynolds number based on shock wave—interface separation distance
reflected driver expansion

reflected shock wave

entropy, dimensionless

Stanton number

absolute temperature

time

gas velocity

gas velocity relative to shock wave

shock wave velocity

shock wave velocity for tailored interface
volume

distance along axis

(1+o)



o dissociation mass fraction

v ratio of specific heats

0; half-angle of starting cone

n energy transfer efficiency

i dynamic viscosity

0 gas density

T duration of steady pressure in a reservoir
) flow drainage time

TR flow residence time

Ty characteristic vibrational excitation time
Subscripts

D driver tube

DT driver tube

d based on diameter

f final value

H referenced to heat transfer

initial value; driver condition before heating

o~

N ambient condition or location in nozzle
n referenced to model nose section

P referenced to pressure

RT response time

S shock wave

T reservoir condition

Th theoretical value
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*

@)
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test slug

wall condition

ambient condition in driven tube
behind incident shock wave
behind incident contact surface
driver condition after heating
behind reflected shock wave

free stream in nozzle

sonic flow

effective driver conditions after expansion from 4, to 4,



DESIGN AND PERFORMANCE OF THE AMES
ELECTRIC-ARC SHOCK TUNNEL
John O. Reller, Jr.

Ames Rqsearch Center
SUMMARY

A high enthalpy shock tunnel using arc-heated helium as the driver gas has been designed for
gasdynamic research at total stream energies from 7,000 to 35,000 J/g. The arc driver was found to
be a relatively efficient energy converter. Tailored shock Mach numbers from 11.5 to 14.6 in air
were demonstrated. A nozzle calibration with a total stream enthalpy of 18,600 J/g of air gave test
times of 1.5 to 2.0 msec at flow Mach numbers from 16 to 24.

INTRODUCTION

With the advent of extraterrestial flight and with the increasing sophistication of interplanetary
probes, a substantial portion of the research effort in the aeronautical sciences has been directed
toward high-temperature reacting gasdynamics. For many reasons, this discipline often has been
advanced more rapidly theoretically than experimentally. Thus, while numerical methods of investi-
gating gasdynamic reactions at elevated temperatures have improved rapidly, generating similar
conditions in the laboratory has become increasingly difficult. A prime source of information on
the kinetics of gas reactions is the shock tube and, in successive improvements over several genera-
tions, it has continued to produce results of vital interest. In general, however, these results relate
directly to the basic physical chemistry of a rapidly heated gas in that they may identify the path
and/or verify the predicted rate of energy exchange. In one sense, these results serve to implement
or quantify the gasdynamic theories that apply to flow about bodies moving at high velocity
through planetary atmospheres. Beyond this, there has been extensive simulation in the shock tube
of flow in the stagnation region of blunt bodies at equivalent flight speeds up to 18 km/sec.

The application of the shock-tube method to a more complete simulation of high-velocity
atmospheric flight has proved more difficult than anticipated and has proceeded at a slower pace.
To achieve representative Mach numbers, the shock-heated gas must be expanded to a lower temper-
ature by increasing its velocity, usually in a supersonic nozzle. The extent of nozzle expansion is
determined by the type of simulation desired, that is, is Mach number the sole criterion, or are
stream static pressure and velocity to be at realistic values? A summary of much of the recent work
in hypersonic similitudes is found in reference 1, where it is adequately demonstrated that duplica-
tion of flight velocity is of primary importance for simulating body flow fields of reacting gases.

The primacy attached to velocity duplication, along with the need for relatively high Mach
numbers (210) for flow similitude over slender bodies, means that stream total enthalpies must
equal flight values and that relatively large flow expansions are required. In the development of the



present facility, it was decided to use a reflected shock reservoir with the tailored-interface restric-
tion to obtain a range of reservoir enthalpies. This decision implies an upper limit to total enthalpy
(and stream velocity) determined by radiation losses from the quiescent reservoir gas. Previous
experience in a facility of this type showed that this limit was not encountered at incident shock
velocities up to 3 km/sec (ref. 2).

The criterion of a tailored interface has dual significance; first, this condition theoretically
minimizes the time required to achieve a steady reservoir pressure by virtue of the wave processes in
the tube and, second, it is a boundary condition beyond which mixing of driver gas with test gas is
promoted by instability (into the test gas) of the gaseous interface. Either factor could be critical,
since typical test times in shock-driven facilities are of the order of a few milliseconds. To set up the
tailored-interface condition with shock speeds of interest — above 3 km/sec — a hot driver gas of
low molecular weight is necessary, as the results of reference 3 demonstrate. Thus, to provide a
high-temperature driver that could be varied readily in temperature to match the desired test
enthalpy in different test gas mixtures, an arc-discharge heating cycle was chosen.

The following sections describe the design and operating features of the Ames electric-arc
shock tunnel, including the performance characteristics of the driver and shock tube, along with a
preliminary calibration of the expanded nozzle flow,

DESIGN OF FACILITY COMPONENTS

Energy Storage and Delivery Systems

The shock-driven wind tunnel is a device that creates a high-velocity stream of test gas large
enough for detailed model studies but of short duration. When stream velocities greater than
4.5 km/sec are desired, the choice of driver designs is severely restricted by the high temperatures
required, and arc-discharge heating becomes attractive. The design reservoir enthalpy of 29,000 J/g
(equivalent stream velocity 7.6 km/sec) requires a driver temperature of at least 4500° to 5500° K.
In addition, as will be shown later, driver length is a critical factor in shock-tunnel operation.
Extrapolation of existing pressurized arc data indicated that driver lengths up to 3 m would be
possible with a potential of 40 kV.

Capacitor bank— In the design of this system, a rapid energy pulse was assumed desirable to
minimize energy losses to the containing walls of the driver; thus a low-inductance energy source
was specified and a discharge time of 100 usec was sought. These factors (high temperature, arc
length, and rapid discharge) were the primary performance parameters for design of the system.

The end product is a fused storage bank of 180 capacitor units each rated at 27.5 uF and
20 kV, arranged in series-pair groups of 18 units for the delivery of energies from less than 5X10%
to 1X10° J at potentials variable to 40 kV. The rating of the capacitor units requires that all
discharges be at least critically damped to avoid voltage reversal. Units are fixed in a bolted
aluminum rack mounted on 95 kV standoff insulators to permit rack potential to rise to 20 kV
during the charge cycle (assembly is shown in fig. 1). The RG—17 transmission cables connecting
the storage bank to the collector ring are roughly matched to the resistance and inductance of the
driver arc to provide the most rapid and complete discharge possible, with minimum energy loss

2



Figure 1.— Top view of 1-MJ, 40-kV capacitor bank.



external to the driver chamber. Total system inductance exclusive of the load (arc) is 0.25 uH and
the system resistance is 1.87 mS2. Since for a nonoscillatory discharge R> 2+/L/C the minimum
resistance of the system plus load must be about 28 m£2; with arc inductance, this value is slightly
higher. Thus, the resistance of the arc discharge is critical and must exceed 26 mS2. A detailed
description of the energy storage system and its operating characteristics is given in reference 4.

Collector assembly and discharge chamber— The current collector and arc chamber are shown
schematically in figure 2 and the overall electrical circuit in figure 3. The collector ring consists of

Current collector assembly Driven tube

High-voltage
g J Lexan filler plug

_
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Coaxial cables Cotton fhread Earth ground

Diaphram station for

fo capacitor bank High —voltage electrode 2.9m arc strike

Figure 2.— Driver assembly.
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Figure 3.— Schematic diagram of one row of 18 capacitors in series/parallel; total bank of 10 rows, 180 capacitors,
and 20 RG-17/u coaxial cables.



two coaxial copper cylinders; the outer, flanged to the driver tube, is electrically grounded, while
the inner is connected by a copper spring contact plate to the main electrode. When this contact
plate is removed, the entire electrode assembly can be “hipot™ tested to rated voltage; this is normal
practice before initiating the bank charging cycle and has frequently disclosed critical leakage paths.
The electrode assembly is supported by a steel breech plug for pressure loads and insulated by a
Teflon element.

The high-voltage electrode has a hollow core through which a brass rod extends back to the
piston of a pneumatic solenoid (air cylinder) which actuates the trigger. The trigger switch is simply
a short length of cotton thread connecting the sliding rod to the trigger wire which extends the
length of the chamber to the ground electrode. When the slack wire is drawn to the high-voltage
electrode, the arc discharge is initiated. (see ref. 4 for more details).

The arc chamber is designed for a pressure of 1000 atm and fabricated of a nonmagnetic
stainless steel (A286) in two sections. An insulating liner of filament-wound fiberglas with a bonded
inner layer of silicone rubber forms the inner wall of the chamber. This liner is surprisingly durable
and can be reused many times; techniques have been developed to replace the rubber inner layer as
often as required.

Instrumentation— Voltage and current wave forms are recorded for each discharge. Voltage
buildup on the rack structure (capacitor midpoint) is relayed by a resistive voltage divider to a chart
recorder, while discharge voltage is relayed by a capacitive voltage divider and an attenuator probe
to the recording oscilloscope. Arc current is measured by monitoring the voltage drop across one
pair of RG—17 cables, from the downstream driver flange to the capacitor rack. Since all cables are
exactly the same length, each pair carries 1/10 of the total current; a voltage divider across the
shunt cables reduces the signal for input to the recording oscilloscope.

Driver Tube

The arc-heated driver tube can be viewed as an energy convertor, changing electrical into
pressure and temperature energy, which serves as the connecting link between the energy source and
the test-gas generator. As such, its design must match (and, in part, determine) the electrical
characteristics of the capacitor bank and the desired gasdynamic performance of the shock tube.
From the former, the important parameters are the energy available and the length of arc that can
be drawn.

Gasdynamic requirements— The choice of a reflected-shock wave, tailored-interface mode of
operation for this facility, combined with the necessity of steady reservoir conditions of sufficient
duration to establish supersonic flow in a relatively large nozzle, to establish steady flow over a
sizeable test model, and to provide a test period for aesrodynamic measurements, serves to fix the
driver length and temperature. Consider first the temperature requirements. With helium as the
driver gas, the variation of driver temperature with tailored shock Mach number is shown in figure 4
for several test gases. The index mark on ¢ach curve represents a design total enthalpy (in the
shock-tube reservoir) of 29,000 J/g. Thus, for real air, the required driver temperature is about
4200° K; the small effect of pressure level, through variation of P, , has been neglected here. It is
obvious that the required temperatures are well in excess of those available by other methods of
heating.
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Figure 4.— Driver temperatures required for interface tailoring in several gases.

In a constant-area shock tube, where the driver and driven tubes have the same diameter, the
length of the driver can be related in simple fashion to the duration of steady-state conditions in the
reservoir. Ideally, the tailored-interface condition is first disturbed by the arrival of an expansion
fan reflected from the closed end of the driver chamber. While this event is not independent of
shock-tube length, it has been shown (e.g., ref. 3) that an optimum ratio of shock-tube length to
driver length exists for which the time is maximized. The variation of driver length with Mg is
shown in figure 5 for this optimum length ratio, along with a sketch of the wave diagram showing
the triple intersection point of the optimum condition. Since the figure is for 7 = 1 msec, and driver
lengths of 2 to 2.5 m are indicated at the design condition, the critical importance of driver length is

4
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Figure 5.— Optimum driver length for maximum test time.



apparent. The term 7 varies directly as L D and nearly inversely with M ST steady-state reservoir
times range from 1 to 3 msec at best, based on the projected maximum arc length of 3 m.

The design pressure of the driver chamber is perhaps less critical than either temperature or
length, since the total enthalpy and steady-state time in the shock-tube reservoir are nearly indepen-
dent of reservoir pressure. However, in general, the reservoir pressure and driver pressure should be
as high as possible to afford the widest latitude in flow-scaling parameters for aerodynamic testing
in a nozzle. In particular, the Reynolds number and the binary scaling parameter pR (for dissocia-
ting diatomic gases) are difficult to duplicate. In the present case, the constraints of available energy

and test time (driver length) serve to determine the maximum driver pressure. Ideally, for constant
volume heating,

T4i=P4i=l+('Yi_1)_:)?7% 1)

where nQ is the energy supplied to the driver. Thus, while T, varies widely with P;, P, is relatively
constant. Figure 6 illustrates this behavior for an energy addition of 10® J and for a range of intial
pressures from 7 to 40atm. Now, from
-reference 4, at driver initial pressures above 12 .
about 35 atm, it was not possible to draw an . T oot e io.
arc over a length of 3.0 m with a potential of Proctire M 0| 7 0
40 kV. With this information as a guide, along o= T e el
with the temperature and length requirements ETL //

developed above, the ideal driver pressure Ny /
ranges from 350 to 450 atm for diameters Ay
between 8 and 10 cm.

.
~d.
~
~

The driver mechanical design pressure
was actually set at 1000 atm, primarily to
‘allow use of the tube in sections as short as
76 cm (see fig. 6) and also to allow for growth
potential.

139 95

295 83

Driver pressure, Py, Atmx1072
»
~
[~
™~
N

1
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yivi A IS N 290 95
The results of this study are summarized
as follows: An arc-heated shock-tunnel driver 2
was designed to match a capacitor bank
storing 1 MJ of electrical energy, and to
provide a tailored-interface reservoir of test
gas at an enthalpy of 29 kJ/g. A driver length ° 0 om;?oqd pressure, 13>? At * *
of 3 m was chosen as the minimum size to
provide a usable test period and, in turn, this
length was determined to be the projected
maximum arc that could be drawn with a 40-kV potential. The inside diameter of the driver was set

at approximately 10 cm, which provides pressures up to 340 atm for driver temperatures from
3500° to 8500° K.

Figure 6.— Driver performance map, nQ =1 MJ.



Shock-tube application— The driver chamber of a high-velocity shock tube must operate at
very high pressures and temperatures but does not have the length requirement of a shock-tunnel
driver. A single parameter — energy density (energy per unit volume) — can be used to predict the
range of shock velocities obtainable. This is shown in figure 7, where the dashed lines indicate

l Air

- e i e Per formonce boundaries for
P =1:3%1073 to 1.3x1072 Atm
Lpt/D=60 (refs 5 8 6)

103

F 1.37 m arc

Energy density, J/cm®
S
N

2.95m arc 4

/ 2.90 meter arc

4 8 12 16
Shock velocity, km/sec

Figure 7.— Estimated shock velocities in shock-tube mode of operation, Q = 1 M1,

approximate velocity boundaries at a given energy density (from the results of refs. 5 and 6). The
relatively long shock-tunnel drivers of the present design are limited to velocities below 9 km/sec.
Therefore, to accommodate future shock-tube investigations, the driver was fabricated in two
sections, one of which provides a 1.37-m arc chamber that can be shortened to 0.76 m with a plug
insert. By this means the energy density can be raised from 45 to 185 J/cm?® and the maximum

velocity potential to 14 km/sec or more. The corresponding driver pressures and temperatures are
shown in figure 6.
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Primary diaphragm— The design of the
primary diaphragm is conventional. Twenty-
three-centimeter discs of fully annealed, type
304 stainless steel are used; surfaces have a |
commercial bright finish. Material properties
and dimensions are carefully specified and
each lot must be taken from a single heat.
Surfaces are protected from damage during

machining, shipment, and storage. The -~  [Wwwwwioeow
upstream-facing surface is grooved at 90° for

15 cm, at 45° to the grain of the metal, with a ElZD Transition
cutter having a 90° included angle. The depth . %@
of groove is controlled to within 0.08 mm and r

at the bottom the radius is between 0.13 to

0.38 mm. The diaphragm is pin-ocated,

secured by clamping against serrations Lo
machined into the face of the upstream
flange, and sealed by O-rings (fig. 8). It opens
into the square end of a fransition insert to
minimize tearing at the base of the petals and
“to insure full opening without projecting
corners or edges. Grooves are positioned in
line with the support legs of the spider elec-
trode since this orientation appears to give the
best results. Diaphragms are available in thick-
nesses from 1.5 to 5.0 mm and with groove
depths from 10 to 70 percent. The best con-
figuration for each test condition is deter-
mined by experiment; the results will be
discussed in a later section. Figure 8.— Main diaphragm arrangement.

Spider electrodode —]

Diaphragm

Insulating liner-

O-rings 4
Serrations

Shock Tube

The design of the shock-tube portion of the facility, as for the driver chamber, is predicated
upon its use to develop a reflected-shock reservoir of test gas of sufficient quantity and duration to
supply a large supersonic nozzle. As mentioned in the Introduction, the conditions of interest are at
primary shock velocities greater than 3 km/sec, since other methods of heating a driver gas are more
effective below this value.

Gasdynamic considerations— The primary consideration that influences the choice of
shock-tube diameter is the reservoir pressure. As mentioned earlier, this pressure should be as high
as possible for shock-tunnel application. To achieve this objective, within the constraints imposed
by a turbulent boundary layer on the tube wall and the required range of shock velocities, the
shock-tube diameter was chosen to be 10.16 cm (4.00 in.), approximately the same as the driver.

The maximum pressure in the shock-tube reservoir is determined by the driver pressure and by
the initial pressure loading required for tailored-interface operation at any given shock velocity. This

9



is illustrated in figure 9 where both the reservoir pressure and enthalpy are shown as a function of
Mg for air, CO,, and argon. The ideal driver pressures for the 2.90-m arc driver (taken from fig. 6)
have been used. The index marks on each curve bound the region of interest, from VST = 3 km/sec
at the lower end to H = 29 kJ/g at the upper. Reservoir pressures are relatively constant with
Mg for any test gas and vary between 240 to 410 atm for this particular driver. For the 2.95m
driver, the values are about 30 percent higher, and for the 1.37-m driver, about 80 percent. To
accommodate these latter driver configurations, the design pressure of the tube was fixed at
600 atm. This value was applied over the entire length of the tube to allow for high pressures behind
the upstream-propagating reflected shock wave and for different reservoir locations.

35~
5 y
2.30 meter driver Hg=29kJ/g ‘Argon
Pg for maximum ideal
30k driver pressure -
Air
4 Argon/ /
-7
254
Pressure
o Y \
2 <] 2
2 x 3 ~
=20 g \
T <
g o
2 sl ¢
5 g 2
&
10+
Enthalpy
| A
N Vg1=3 km/sec
5 (el
Air
o i
o) 4 8 12 16 20

Tailored shock Mach number, MST

Figure 9.— Reflected shock pressure and enthalpy for tailored conditions.

The length of the shock tube can be optimized, with respect to steady-state reservoir time, for
each different test gas and tailored reservoir condition (ref. 3). This was illustrated in figure 5 where
the triple-point intersection of the reflected shock wave, the leading edge of the primary driver
expansion, and the initial wave of the reflected driver expansion defines the optimum length ratio.
This length ratio is plotted in figure 10 as a function of Mg for the same three gases and for an
initial pressure of 0.01 atm; the typically small pressure dependence is shown only for air. Tube
lengths one to five times the driver length are indicated with real-gas values considerably greater
than those computed from perfect-gas relations. This result implies that the facility design should
allow for considerable variation in overall length as, for example, in the placement of the vacuum
pumping system. However, at least two other factors must be considered before the shock-tube
length can be fixed — shock attenuation and test-slug length. These two are opposing factors with
the first showing improvement as tube length decreases and the second as the length increases.
Experience shows (see, e.g., ref. 5) that shock-tube lengths greater than 120 to 150 tube diameters
(in the present case from 12 to 15 m) will incur large shock-wave attenuation. On the other hand,
the length of the relatively quiescent slug of test gas in the reservoir is, in practice, influenced by the
shock wave interface behavior before and after shock reflection and is always less than the ideal

10



value. For these design estimates, the ideal slug length is shown in figure 11 as a function of tube
length, along with the variation of steady reservoir time at several values of Mg. Driver length L,
is 3 m and initial pressure of test gas (air) is 0.01 atm; the circle symbols indicate the optimum tube
lengths obtained from the length ratios shown on the previous figure. Now, it is obvious that tube
lengths less than optimum are not desirable, and that greater lengths pose a compromise between
slug length (available volume of test gas) and time. The maximum L 7 (as defined in ref. 3) should
be avoided since steady time is at a minimum, which could well be marginal compared to nozzle
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Figure 10.— Optimum ratio of shock tube to driver length.

Air Ms"r
P = Ol Atm ly
Lp=3 meters-
40 r— ® Optimum length Lpt

I

30

m
]
]

Steady reservoir time, T, msec
/_—»—
NLIVARN
\\
N N
AN N \> ®
AN
\
4\7
\\ \
\
\ ()
, N
|
t
i)

N
N
\
v\
\
)
\

Test slug fength, Lyg,cm

[¢] S L] 15 20 25 30
Shock tube length, Lpr, m

Figure 11.— Test slug length and steady reservoir time for ideal conditions.

11



starting transients and the response time of instrumented models.! Thus, since slug length increases
more rapidly than steady time decreases with tube length, a practical compromise is reached at a
nominal value of 12 m, long enough to include the optimums over the operating range of interest,
but not long enough to reduce steady reservoir time appreciably.

A similar exercise for CO, and argon as test gases indicated tube lengths of 15 and 7.5 m,
respectively.

Instrumentation— Conventional pressure gages can be used to control the evacuation, flushing,
and loading of the shock tube with the desired test gas. Bourdon-tube gages are accurate at pressures
down to 0.01 atm and a variable-capacitance diaphragm cell at pressures as low as 10° atm, for
most gases. Ionization gages are used to monitor evacuation and leak rates.

An important source of spurious signals is the electrical noise generated during the normal
operating cycle of the energy storage system, by the functioning of various high-voltage relays and
by the arc discharge process. Interference with instrument circuits is minimized by an inhibit
function (delay or blanking) that provides isolation until the arc discharge is completed, at which
time it is removed by a high-level trigger pulse. Figure 12 is a schematic diagram of the delay and

trigger arrangement used with the
shock-velocity system. The Master Start

114 @ 40 v Source (MSS) consists of a low-frequency
arovp bandpass filter, a threshold level detector and
" ] — a low-impedance pulse circuit; input to the
avc Curren o St MSS is from a voltage divider across the
L& ground return to the capacitor bank. When
v the divider sees a voltage equivalent to an arc
Toimoo delay current of 6X10* amp, the unit produces a
i—‘e"e“’“" &O,her 50-V signal. This start signal, in turn, triggers
o L devices a 6-channel time-delay device that provides
) separate and isolated pulses with adjustable
/ delay from 10 to 10* usec. Each delayed single
Yo tervay /{Io;k{gélé pulse is a positive 50 V into a 50-Q load for
e [ i 1] 1 seoivesn  4-uisec duration.
M oscilloscope
TTTTTTTTT I Puse 1/

/JZ generator O The shock velocity measuring system
Siop - M; L consists of a biased, twin-electrode probe with

a signal amplifier (ref.7) at each measuring

N Amplifier r—'——”——— g 2 . .
Driven v r7rd/]  Ibedence station (intervals of 1.22 m along the tube)
fube station Arrival-impedence feeding into a time-interval console having 10
Amplifi . .
@%E—»“—' meer independent counter-display channels. The

console circuitry was designed for positive
reset of all counters at the end of the delay
period and is protected from transient noise

Figure 12.— Block diagram of trigger system. by buffered trigger circuits. Each counter is

! Maximum L pr is that length for which the reflected shock-wave and reflected driver expansion interect at the
contact surface to give a minimum value of 7, consistent with the tailored-interface concept.
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stopped by one probe amplifier signal and the circuit is locked out until manually reset. Shock
arrival times up to 10* usec can be recorded with a resolution of *0.1 usec. With this counting
accuracy, the residual error in velocity measurement is due to probe response and electronic signal
conditioning.

Nozzle and Test Section

Among the factors considered in the design of the driver and driven tubes, none was more
critical than wave propagation time. A steady reservoir condition can be obtained, in theory, for
times of 1 to 2 msec for the range of total enthalpy of interest. It follows that the test gas must be
expanded through the nozzle in the most effective way possible if there is to be any useful test
time. The first implication is that the nozzle should be as short as possible to minimize the “starting
transients.”” Conversely, as nozzle diameter is increased the usable test core increases and larger

more detailed models can be accommodated. The required compromise is outlined in the following
sections.

Flow drainage time— Consider first the time it takes for the reservoir test slug to flow through
the nozzle sonic throat. With the ideal slug lengths of figure 11 and a shock-tube length of 12 m, the
flow drainage times, 7 p; are obtained as a function of throat diameter (fig. 13); 7 pis relatively long
by comparison with the steady reservoir time 7 from shock-tube performance (fig. 11). Even with a
factor of 2 allowance for less than ideal slug lengths and interface mixing (to be discussed later), as
shown by the dashed line in the figure, throat sizes up to 2 cm appear reasonable. Design values of
d* are shown (filled symbols) on three of the M g7 curves; these were chosen to give static tempera-
tures of about 200° K and flow Mach numbers equivalent to flight Mach numbers having the same

total enthalpy. Flow drainage time appears more than adequate for these conditions, that is
Tp>>2r1.

Figure 14 is a sketch of the nozzle throat assembly. The nozzle insert is of copper and is
fastened into the stainless steel end plug that is clamped into the shock tube by the nozzle hub and
flange. A stainless steel end plate serves as the reflecting surface for the incident shock wave and
holds the plastic nozzle diaphragm in place. Throat diameter is varied by changing the internal
contour of the nozzle insert and allowing dimension B to vary. Dimension A, the distance from the
end plate to the instrument port, varies from 2.67 to 6.10.cm with increasing d*.

Nozzle starting time— When the flow in a supersonic nozzle is started impulsively, a certain
time must elapse before a steady expansion is achieved. In the general case, the transient flow
pattern closely resembles a shock-tube flow, with an incident shock and an interface, followed by
an unsteady expansion. In addition, there may also be a secondary upstream-facing shock wave
embedded in the unsteady expansion. This rather complex behavior has been the subject of several
investigations in recent years (e.g., refs. 8—11). While the solutions of Smith and Laval (ref. 9 and
10) are reasonably exact, they have been applied only to small nozzles and ideal gases. In the
present study, therefore, two of the more approximate methods will be used fo survey parameters
and establish limiting conditions. First, Chisnell’s method (ref. 11) with be used to locate the
incident shock wave since Ackroyd (ref. 8) found good agreement between this method and his
experiments over a wide range of initial pressures. Second, Smith’s suggestion (ref. 9) is used — that
(U-a) for steady flow is less than for unsteady and that, therefore, the former value will define the
earliest time at which steady flow can exist in a nozzle.
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The results are shown in figure 15 for two values of d*, a nozzle half-angle of 10°, and for an
intermediate enthalpy corresponding to Mg = 12; time (in msec) is plotted as a function of
distance along the nozzle centerline from the sonic throat. Observe first the solid curves which are
the Chisnell solution for the incident shock wave. This solution originates at the sonic throat where
the shock strength, following Ackroyd, can be evaluated as for a shock tube with an area reduction
at the diaphragm. Thus, in the present notation,

—2%s
—(ys 1) Ys— 1
Py Pi‘N an\ [vs —1 U’2"N 2y
—= |1-= —L)g T @)
N &Pn as 2 an

where Ps [Py is *the pressure ratio (after shock reflection) across the plastic diaphragm at the nozzle
entrance and PZN/PN is the pressure ratio across the incident shock wave at the nozzle throat,
with air as the nozzle gas. The factor g is the “equivalence factor” of Alpher and White which is a
function of As/A* and 5. Real-gas values of P;N, UZ*N’ and ys; were used. With M ;N’ the
shock Mach number at any downstream location in the nozzle can be approximated by

(M§N)2 -1 172
M o —— 1] 3
SN ~{ Ay Ao 3)

where the exponent on the area ratio is for strong shock waves in a diatomic gas (ref. 11). In the
first part of figure 15, for a nozzle throat diameter of 0.45 cm, the effect of reservoir pressure and
initial nozzle (test section) pressure on incident shock trajectory is shown; higher reservoir pressures
and lower nozzle pressures are favorable. For a 75-cm exit diameter, with reservoir pressures from
50 to 300 atm and nozzle pressures from 10°® to 107 atm, the shock transit time is about 0.9 msec.

Compare this result with estimates using Smith’s (U—a) criterion, (dashed lines on the figure).
His approximate expression for this conical nozzle

t:_% ML/2 1__1. +_-1-(M3/2_.1)+-1— M52 — ] 4)
2aptan 10 oo M 15\ e 25( o0 )

involves the nozzle geometry, the speed of sound in the reservoir gas, and the exit Mach number for
steady flow. Now, in a partly dissociated, expanding flow the exit Mach number will depend on the
extent to which conditions depart from local equilibrium. With “freeze Mach numbers™ (M F) of 3
and 4 as approximate limits within which the real flow will fall, the above equation yields the valves
shown in figure 15(a). At both limits, the time estimates are less than for the incident shock wave,
except at small distances from the throat; for a 75-cm exit, the average is about 0.6 msec. This time
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inversion of the two starting criteria is not unexpected and was, in fact, predicted by Smith for
flows starting from very high temperature reservoirs. Under this condition, the entire starting
process is dominated by the initial shock wave and the (U~u) estimate does not apply.

It should not be overlooked that a nozzle has a “stopping time” as well as a starting time
(illustrated in fig. 15 by the shaded band, where the upper boundary is the flow transit time from
reservoir to exit and the lower is the transmittal time of a pressure signal (U+a)). Since both U and
(U+a) times are very closes, either a change in gas composition or pressure in the reservoir will be
felt about 0.4 msec. later in a 75-cm nozzle. Therefore, the loss of test time in a nozzle is the
difference between the starting and stopping times. In this instance, the difference should be
slightly greater than that between the incident shock arrival and the (U+a) signal; the uncertainty
arises since the location of the upstream-facing shock wave is not known. However, if the initial
nozzle pressure Py is of order 107 6 atm, the second shock (if it develops at all) will be weak and
will lie near to the incident shock. The resultant time loss in a 75-cm nozzle is estimated to be about
0.5 msec when d* = 0.45 cm and H = 18.6 kl/g.

A similar plot is shown in the second part of figure 15 for d* = 1.27 cm. Here the (U-a) values
are more significant; nozzle time loss is only about 0.25 msec for a 75-cm exit diameter. These
times are within reasonable bounds for the present design. It is readily apparent that initial nozzle
pressure must be kept in the 107° to 107® atm range and that the combination of low reservoir
enthalpy and small sonic throat diameter should be avoided. Any nozzle expansion with air or other
test gas must be experimentally checked for nozzle loss time since the available methods of estima-
tion are at best only approximate. Nozzle length must be limited on a facility of this type; in the
present case, a 10° half-angle and a 75-cm exit diameter nozzle is about the largest that can be
tolerated.? This size should accomodate models sufficiently large for most test programs.

Model flow start time— This process has been studied both in shock tubes and shock tunnels.
In at least two cases of nozzle flow (refs. 12 and 13), steady flow was achieved on slender models at
about the same time that steady nozzle flow was established; the two processes were nearly coinci-
dent. This behavior is advantageous in that the nozzle starting time serves a useful purpose. In a
more quantitative sense, Rom (ref. 14) applied the unsteady flow analysis of IThrig and Korst to
wake flow measurements in a shock tube. He showed that pressures stabilized more quickly than
heating rates, and attached flows more quickly than separated flows. Characteristic times for pres-
sures and heating rates were defined as tP = [fa and t o= L/USt, respectively, where St is the
Stanton number, U local external velocity, a local speed of sound, and L a characteristic length.

The experimental work of Powers and his associates (ref. 15), again in a shock tube, yields
approximate numbers for the heating-rate parameter in the form ¢4U, /L, where L is model length.
For attached flow on a blunt model, ¢ HU2 /L varied from 2 to 4, for a turbulent wake it was about
10, and for a laminar wake from 15 to 20. In the shock tunnel of reference 12, the times for
laminar wake stability correspond to values of ¢fU, OQ/L from 14 to 17. Since these various results
for shock tubes and shock tunnels appear rather consistent, the same concepts have been applied to

the present design study (as shown in fig. 16). The first part of the figure presents flow starting time
based on the pressure criterion ¢ p= L/a as a function of local flow temperature; the second

uses the heating rate time as tg = LK/U,, for characteristic K values of 3, 10, and 15, over

2 Calculations indicate that the time loss can be reduced if the initial nozzle gas in helium. At 107 > -atm initial
pressure, the time loss for a 75-cm exit diameter is reduced by about 1/2, from 0.6 to 0.3 msec.
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a range of stream velocity. The term U_, is used here rather than local external velocity for ease of
comparison, and L should be interpreted as the model or flow-field length (as for wakes) in the
stream direction.

i

\ ‘\ Prp=.02 Atm The results in figure 16 are considered to
s illustrate realistic trends and approximate
\ e values of flow transient times on models.
o \ Accordingly, pressures stabilize quickly when
local flow temperatures are high, such as on a
. \ blunt body, but can take three to four times
' < L, cm longer on very slender -shapes where flow
\\ I— temperature approaches ‘the stream value;
3 2 ' $—__30___ intervals from 0.2 to 0.8 msec are indicated
£ for a length of 30 cm. A similar sensitivity to
< (@) : . .
£o 2 2 3 ) model shape occurs for heating rates, with
5 Local flow temperature, °KxI0"3 approximate limits set by the upper and lower
é ! T curves shown on the figure. Presumably,
3 Slender body W U slender bodies with attached flow would have
2 Septrated Jominar fow Lo 30om K values between 3 and 10. The scale of time
\ l « is roughly the same for heating rates as for
6 5 pressures, although, in principle, the former
Separated turbulenm\\ should be greater; compare the times indica-
a o] ted by the symbols, which represent the stag-
gyt body nation region of a blunt body at one stream
R —1 / condition.
| T T T——1 3
(b | In comparing these results with the pre-
o P 5 s 7 ceding nozzle analysis, it appears that flow
Siream velocity, km/sec starting times for models with a characteristic
(a) Pressure model dimension of 30 cm can extend beyond the
(b) Heat-transfer model. nozzle starting time. Even in the most opti-

mistic limit, where the model time origin is
assumed coincident with the arrival of the
incident shock wave, it appears that only very
blunt shapes with attached flow can adjust to steady state without a significant loss in test time.
This finding apparently contradicts the results of references 12 and 13 mentioned earlier. With
slender shapes and in wake flows, a significant loss of time may occur; thus, it is important to
evaluate the process experimentally for the flow configuration, reservoir condition, and nozzle
expansion of any proposed test program.

Figure 16.— Effect of gas properties on model flow
starting time.

Transducer response and model design— A study was made of measuring techniques, trans-
ducers, and recording devices applicable to aerodynamic testing in the high-temperature,
low-pressure, short-time environment of a highly expanded nozzle flow. Three areas were identified
which could not be satisfied by simple exiensions of present methods, namely, the measurement of
very low pressures, force measurements, and multichannel digital recording. Before considering
these, note that heating rates can be measured by well-known methods if certain design criteria are
followed. Both thin-wall and thin-film technology are useful;in general, the thin-wall approach can
be used where heating rates are relatively high. For example, a copper wall 0.125 mm thick has a
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response time of about 60 usec and, with a standard thermocouple sensor, can be used for rates
from 10 to over 1000 W/cm?. The lower limit is determined by the electrical noise pickup of the
thermocouple circuit and the accuracy of the recording system. At lower heating rates, the thin-film
gage is particularly useful because signal output is high and the temperature rise of the film is not
excessive during the nozzle transient period, while response time is less than 10 usec.

Model pressures are difficult to measure, not only because they are of low magnitude but also
because transducers are both temperature-and acceleration-sensitive. (Now, for the time scale of the
present design, it is readily apparent that the transducer must be located inside the model and very
close to the measuring station; thus, transducer size is an important consideration.) The acceleration

loading of a transducer has components from three sources — shock-generated accelerations trans- -

mitted through the model support system from tunnel structure, flow-starting accelerations applied '
directly to the model and support system, and acceleration of the transducer itself by sudden
pressure application. The first was minimized in two design steps — by a slip joint at the nozzle exit
to avoid direct transmittal of shock-tube accelerations into the test section structure (previous
experience showed order-of-magnitude reductions) and by an acceleration damper in the model
support system to reduce loads transmitted through the floor (fig. 17). The acceleration damper is a
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Figure 17.— Side view of test section.

mass of lead, spring-mounted to an internal member that is bolted to the horizontal support
structure. Counterweights can be adjusted to balance the model weight and align it with the flow.
The influence of the second load source, flow-induced model accelerations, is, in part, nullified by
the acceleration damper while the remainder (that induced in model and sting support) can, in
principle, be reduced by interposing an elastic material between the model structure and the
transducer. However, the mass of a transducer often is so small that it cannot be effectively isolated;
the only alternative is to use a unit with inherently low acceleration sensitivity. This last approach
also helps reduce the third load component, accelerations from suddenly applied pressure; alterna-
tively, this loading might also be damped by an orifice-fed cavity, if the cavity fill time could be
tolerated. Both approaches were used in the present work.
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Thermal protection is required to prevent damage to pressure transducers and suprious outputs
due to thermal expansion of sensing elements. Two concepts were considered in this design
study — ablation cooling and heatsink cooling; both require mass addition which increases the
response time of the transducer. Ablation cooling is most effective for a flush-mounted cell exposed
to very high temperature gases, such as in the reservoir or at the stagnation point of a model. If the
transducer has a high resonant frequency (> 50 kHz), adding a thin layer of ablative material (e.g.,
silicone rubber) will not degrade the response time excessively. For example, in figure 18
case@ represents a piezoelectric transducer having a natural resonant frequency of 130 kHz, a
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Figure 18.— Response time of pressure transducers and thermal cavities.

nominal response time of 3 usec, and with ablative ablative protection, a 10 usec response. On the
other hand, case @ is a diaphram-type cell with f;, =~ 20 kHz, which, with an added layer of ablative
material, could have a response time of 0.5 msec or more. In this case, it might be better to mount
the cell behind a small cavity containing a heat-sink material like copper, over which the gas must
flow prior to contacting the diaphragm. By careful design, such cavities can have a fill time of 0.1 to
0.2 msec and serve to protect against both flash heating and diaphragm acceleration from sudden
pressure loading (see fig. 18).

Having discussed design methods whereby thermal and acceleration effects are controlled for

low-pressure measurements, consider now the inherent qualities of two types of pressure trans-
ducers that apply to this regime, say, from 10—5 to 10-! atm. Table 1 lists these qualities
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for commerical quartz-crystal piezoelectric cells and for variable-capacitance type pressure
cells having stretched invar diaphragms.®. The primary advantage of the piezoelectric type is
response time, but its use is limited to the upper two decades of pressure by the acceleration

TABLE 1.— PRESSURE TRANSDUCERS FOR SHOCK TUNNEL APPLICATION

Diameter, | Length fn Response | Pressure |Acceleration {Temperature| Diaphragm
Type ’ ’ kH; time, range, ensitivity on| sensitivity, | thickness,
mm i U sec atm axis, atm/g | percent/°C mm
Piezoelectric 10.9 26.7 60 6 10%-101}1.4%X 1073 0.022 ———
(absolute) 6.4 15.2 130 3 102 -107Y 7X1073 022 — =
Variable
capacitance 7.9 7.4 ~20 150 10°%-10% 25X 1075 .10 0.0031
(differential) 7.9 7.4 >20 <150 102 -103.1x10™* .10 .038

#Nominal value for quartz, not including mechanical distortion of diaphragm seal due to flash heating.

sensitivity. The capacitance type has a relatively slow response time but can be extended to lower
pressures because the acceleration effect is less by a factor of 50. Neither type of cell is unduely
sensitive to flash heating, but both must obviously be protected from gas temperatures that locally
exceed 3000° K. The diaphragm cell has a size advantage, but is more complicated to use since it is
a differential cell. In practice, there is a considerable region of overlap where both types can be used
for comparison. An alternate design for a low-pressure transducer has been originated and patented
by H. L. Seegmiller (see ref. 17) wherein the motion of a slack diaphragm in response to an imposed
pressure force is measured. Such a cell would have much better time response and far less tempera-
ture sensitivity than the diaphragm cells shown above.

A study of force-measuring techniques in hypersonic flow has shown that steady-state, elastic
balances are not applicable to test times of 1 to 2 msec. Some inertial method must then be used.
The most promising appears to be a variation of the free-flight method in which accelerometer
signals are transmitted through flexible trailing leads. Conceptually, a rigid model is instrumented
with miniature accelerometers and supported by threads; the model fits over but does not touch a
hollow sting which serves as a conduit for the trailing leads and as a catcher for the model. For tests
where support interference must be minimized, the free-flight model could be caught in a net at the
bottom of the test section. Adequate response time and signal strength can be achieved with
existing commercial accelerometers.

Data recording system— The analog signals from pressure or heat-transfer transducers must be
converted to digital form for computer input. It is advantageous to perform this conversion within
the basic recording instrument since data handling is reduced and a higher level of accuracy is
maintained. This was accomplished by the development of the 1/2-megacycle digital recording

3The capacitance cells, which are made at Ames, are briefly described in reference 16. Recent improvements
include the use of pretensioned invar diaphragms as thin as 3X10® mm to achieve a rated pressure range of

3X10™* atm, a high natural frequency, and a minimum temperature sensitivity. The piezoelectric cells are available
from the Kistler Instrument Corporation.
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system described in reference 18. Low-level analog signals from a test model (up to 24 channels) are
individually amplified, sequentially switched, and presented as a train of analog samples to a
high-speed, analog-to-digital converter. The output of the ADC is stored in four magnetostrictive
delay lines in real time, with a total storage capacity of 5000 samples during a 10-msec period. The
delay lines are mechanical and store the incoming digital information in binary form as a train of
torsional stress waves that travel at the acoustic velocity of the line. The lines are of sufficient
length to have a wave transit time of 10 msec. Stored information can be interrogated without
destroying the data, thereby enabling an immediate scan of test results (pen recorder) prior to
making a permanent record in digital form as a typewriter listing and a punched paper tape.

The constant sampling rate (5 X 10% fsec) can be applied to the number of channels desired
(from 1 to 24) to match the number of transducers or to adjust the time interval between samples
in each channel. Amplifier gain and response, as well as delay line function, can be checked with
internal signals.

Considerable original effort was required to integrate this recorder with the shock-tunnel
environment. Both recorder protection and common-mode noise were considered, the former being
related to the capacitor bank discharge which heats the driver gas and the latter to the flow of hot
gas (plasma) past the model surface. The final result is the unique grounding and isolation system
shown in figure 19. The safety ground serves to protect the recorder from a faulty discharge of the
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Figure 19.— Model and recorder grounding system, thermocouple readout.

driver capacitor bank which might induce current flow in the tunnel structure, while both the safety
and model grounds remove the charge picked up from the flowing plasma. By this means,
common-mode noise levels were reduced to a few microvolts.
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Additional safety features include the use of isolation transformers at the power input to the
recorder system, an optical isolation device in the trigger signal circuit, and optical telemetry
circuits (ref. 19) to carry signals from the shock tube (e.g., reservoir pressure) to the recorder.

FACILITY PERFORMANCE

Energy Transfer to Driver Gas

The present discussion will touch briefly on the performance of the arc driver system over the
available range of arc lengths, and then will concentrate on the experimental results for the 2.9-m
arcs used for shock-tunnel operation.

Arc discharge characteristics— An operating map of the system is shown in figure 20 in terms
of capacitor bank voltage and arc length, with helium as the driver gas. Arc lengths from 0.75 to
2.95 m have been initiated over the range
of voltage indicated in the upper shaded
area, using a straight trigger wire and the g:iifodigfgs o
full capacity of the bank (1250 uF).

Arc-out voltages are shown (lower shaded 4o

band) to vary from O to about 20 kV with bamping / Esaxl'.ge
increasing arc length. Upper and lower lmit /
limits to arc length are fixed by the voltage = 30 Arc start ~

gradient required to cause a discharge
(about 11 kV/m) and by the requirement
of a damped discharge, respectively. The
efficiency of energy transfer from capacitor
bank to driver tube, defined here as (V> —
sz )/V2, varies from nearly 100 percent ° /
to about 75 percent with increasing arc Operating
length, based on V; = 40kV discharges. ;e

For further details on system performance, © : e Iengti, meters 3 4
methods to improve the efficiency of long

arcs, and an explanation of various arc Figure 20.— Arc operating range in helium with a straight
phenomena, see references4, 5, and 20 trigger wire, 2.9 m driver.

through 22.

Arc
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Driver gas conditions—Neglecting losses in the capacitor bank, cabling and grounding circuits
during the arc discharge, the energy density achieved in the driver is shown in figure 21. With
full-bank operation, the limits for a 0.75-m arc are about 10 and 200 J/cm?, while for the 2.9-m
arc, the limits are 20 and 40, Partial-bank operation could reduce the lower limit (as shown by the
dashed line in the figure) if needed for a particular test. The velocity scale (at the left of the figure)
is from the lower limit of figure 7 and indicates, very roughly, the relation between shock velocity
and arc length for this facility. ‘

23



Consider now the range of driver-gas conditions that can be obtained in the 2.9-m chamber.
Figure 22 is an energy-pressure map on which is shown the ideal (uniform, constant-volume heating)
helium temperature at any combination of energy input and driver loading pressure. Figure 23 is a
similar map for driver pressure after heating. The symbols represent experimental energy transfer
based on capacitor charge less residual voltage and, when compared to the C-V grid, indicate
maximum conditions available assuming uniform heating with no energy losses. With full-bank
operation, temperatures range from 2400° to 8000° K at pressures to 290 atm. In practice, the
actual average values will be somewhat lower than these ideal figures, while local temperatures may
vary considerably across the diameter of the tube. Additionally, a temperature gradient will develop
along the tube when the diaphragm opens, since the gas at the upstream end of the driver has a
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Figure 21.— Energy density available in arc chamber.
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longer residence time (at high temperature) than that near the diaphragm. Tests are under way to
evaluate some of these variables; until these results are available, the operational characteristics of
the facility can only be referenced to the idealized driver conditions.

Diaphragm Operation

A diaphragm burst study was made,
using the assembly shown in figure 8 by pres-
surizing the upstream chamber slowly until
rupture occurred. The experimental results
are shown in figure 24 (solid curves) for blank
thicknesses from 1.6 to 3.2 mm and groove
depths from 20 to 70 percent. Conditions
were closely repeatable, while burst pressures
varied from 40 to almost 550atm. The
dashed curves are lines of constant tear thick-
ness. For groove depths less than 50 percent,
the tear thickness must increase with blank
thickness to retain a constant burst pressure,
while above 50 percent the burst pressure
depends on tear thickness alone. Thus, it
appears that the stress concentration factor
associated with the cruciform grooves
becomes relatively constant at depths greater
than 50 percent.
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For the present application, with the
ideal maximum pressure in the driver just
over 290 atm, a series of diaphragms
(indicated by the symbols in fig. 24) was
tested to determine the effects of dia-
phragm mass and bursting strength on
shock-tube performance. The practical
limits on blank thickness were set by loss
of petal tips, at the lower end, and by
erratic burst behavior at the upper. With
one exception (solid symbol), all
diaphragms were chosen to have bursting
pressures well below the ideal driver
pressure to assure a uniform rupture. An
approximate time correlation of events
during the discharge cycle is shown in
figure 25. The main arc discharge starts
about 400 usec after wire explosion and
lasts 350 usec. The diaphragms start to
open when the arc discharge is completed,
and the primary shock reaches the first
measuring station some 500 usec later. For
the limited range of thicknesses tested,

there was little control over diaphragm timing relative to the arc discharge period. The high-pressure
diaphragms (solid symbol) gave shock times that varied widely compared to the others, indicating a
close approach to the upper pressure limit. (A “no open’ situation is to be avoided with any length
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driver because the heated gas will severely degrade the insulating elements in the chamber; with the
long-arc driver, the residual bank voltage of 15 to 18 kV is sufficient to cause considerable damage
to the chamber itself, if arc discharge to ground occurs after local failure of an insulator due to
overheating.)

Other results of this study are shown in figure 26, where shock-wave attenuation over the tube
length (10 m) was chosen as the characteristic variable. The relatively constant level of attenuation
over the entire range of observed times shows that there is little effect of diaphragm mass or
bursting strength. The substantial variation within groups appears to show a consistent trend
wherein the “slow openers” result in less shock-wave attenuation, approaching the theoretical value.
This trend is assumed to represent the finer details of the diaphragm-opening process which are not
readily controllable. Shock-tube performance at these stated conditions is not significantly influ-
enced by changing diaphragm mass by a factor of 2 or bursting strength by a factor of 3, if bursting
pressure does not exceed 2/3 of the ideal driver pressure.

Shock-Tube Performance

The performance of the driven tube will be covered in two sections: the incident shock and
wave system, and the reflected shock reservoir. Results will be shown both for the 2.95-m driver
(8.3-cm inside diameter) and the 2.90-m driver (9.5-cm inside diameter); in both cases, the inner
surface of the liner is silicone rubber.

Incident shock wave— Representative variations of incident shock velocity with driven tube
loading pressure are shown in figure 27. The measured velocity data in this figure are the maximum
values obtained for each test; at values of P; above 0.01 atm this occurred over the interval
x/D = 19 to 31, while at lower loading pressures the maximum velocity occurred between x/D = 31
to 54. The upper curves are theoretical predictions for the two drivers with an energy input of
8X10° J, the average for all test runs. Other information is tabulated in the-figure, where the
difference in ideal T, and P, due to driver volume is shown. Note that T4 and P4 are the effective
driver conditions that result from the area ratio 4, /4, , (after the method of ref. 5).

The measured shock velocities are essentially the same for both driver configurations, indica-
ting that the larger diameter driver is more effective since the data fall closer to the theoretical
performance curve. Now, some fraction of the velocity decrement is due to energy losses associated
with diaphragm opening and the shock formation process. The former is found to be relatively
small, at least on the basis of mechanical work; the latter involves turbulent mixing losses of
unknown magnitude. For purposes of this analysis, both effects are termed “overall driver effective-
ness,”” and the primary variable influencing shock-tube performance at these upstream locations is
assumed to be the quality of the driver gas.

In the absence of any measurements of bulk gas properties in the driver, the gas quality will be
inferred from the velocities. Two other sets of driver conditions (P, & T;) more closely describe
the observed performance (fig. 27). First, if a constant-volume cooling of a uniformly heated driver
gas is assumed (2.90 m driver), then the set P, = 187 atm, and 7, = 3100° K compares with the
data. This corresponds to a residual driver energy of 6X10% J of an initial 8X10°%, an energy loss of
25 percent. An alternate assumption is that the gas is not uniformly heated and that the first efflux
is higher than average temperature; the set P; = 100atm and T, = 5000° K compares with
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measured velocities except at the lowest pressures. Thus, either mechanism appears to describe the
physical behavior observed and additional information is required to make a choice and to evaluate
the validity of the assumed process.

Figure 27 also shows the conditions at which a tailored interface should occur. For the two
ideal driver curves, this occurs at P; =~ 0.05 atm and V =~ 5.5 km/sec; for nonideal performance
with constant-volume cooling, it should fall on the nearly horizontal curve; for the nonuniform
heating curve, at P, ~ .015atm and Vg = 5.9 km/sec. This criterion is proposed as the basis for
choosing the effective driver conditions. The essential connecting link in this analysis is provided by
Flagg (ref. 23), who demonstrates that the best experimental tailoring is achieved at the end of a
shock tube if the appropriate interface conditions are established near the starr of the tube. Thus,
later in this report, the tailored interface condition in the reservoir will be referred to these results.

Driver effectiveness— An indication of driver effectiveness, 0, is shown in figures 28 and 29. As
mentioned before, this is a lumped parameter defined as the theoretical driver energy required to
develop the observed shock strength, ratioed to the actual energy removed from the storage bank.
Constant-volume, uniform heating of the driver gas is assumed, and the shock velocity measured
between x/D = 19 and 31 is used as the base. In figure 28, the variation of  with ideal T, is shown
and, despite considerable scatter, a definite trend is visible.
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Figure 28.— Variation of driver effectiveness with temperature.

The rather surprising result is that overall driver effectiveness is so high. Not only does 7
approach the ideal limit at low temperatures (say, 3000° K) but it also decreases relatively slowly
at T, > 5000° K, where the average value is about 0.80. In fact, the variation of 5 for a threefold
increase in temperature is no greater than the run-to-run variation at a constant temperature. Thus,
for the T, range of these experiments, the arc-heated driver is a rather efficient energy converter, at
least for the early times (after diaphragm opening) associated with this upstream position in the
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shock tube. A word of caution is in order, however, since, in several cases, n exceeds unity. This
1 > 1.0 is noted elsewhere (e.g., ref. 22) as being characteristic of low driver specific energies (J/g);
in reality, it suggests a compensating effect in the shock formation process, perhapsthe initial efflux

of a hotter-than-average driver gas mentioned earlier, which overcorrects for the concurrent energy
loss mechanisms.

In figure 29, the driver effectiveness at constant T4 varies inversely with tube loading pressure
P, although, again, the scatter is large. In the P; range appropriate to tailored operation (0.01 to
0.06 atm) 7 is about 0.90, a very reasonable driver performance.
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Figure 29.— Variation of n with tube initial pressure.

These results indicate a large fraction of the energy deposited in the driver chamber is initially
made available to the driven tube, that the driver effectiveness is relatively constant at
T, > 5000° K, and that increasing diaphragm pressure ratio P,/P, has a favorable influence. This is
the situation as the incident shock wave is started down the driven tube.

Shock attenuation— It is generally accepted that the attenuation of an incident shock wave
becomes more pronounced as the driver temperature is increased, presumably because of convective
and radiative energy losses from the driver gas. If such is the case, it should be readily apparent in a
comparison of total-to-boundary-layer-induced (viscous) attenuation. Hence, present results will be
compared with the viscous attenuation theories developed by Mirels et al. and reported in refer-
ences 24 to 26. Figure 30 illustrates the magnitude of the measured shock attenuation as a function
of ideal driver temperature, at one driver tube loading pressure and with constant energy input. As
T, increases, the experimental velocities at x/D = 25 stay near the ideal limit, while a substantial
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and fairly constant attenuation occurs
along the tube. Thus, at least for these
conditions, the overall attenuation is not
very temperature dependent.

In figure 31, the attenuation over
the last 3 m of the tube is normalized by
the appropriate theoretical value compu-
ted by the method of reference 24. The
boundary layer was assumed turbulent.
Despite considerable scatter in the data,
it is obvious that relatively large attenua-
tion occurs as P, increases and shock
velocity correspondingly decreases. A
© rather strong influence of temperature is
illustrated by the data at P, = 0.03 atm
where a threefold increase in T4
increases they relative attenuation by
the same factor. Therefore, as T, is
increased the influence of timewise varia-
tions in driver-gas properties appears to
extend further downstream by virtue of
the increased wave propagation speeds in
the moving gas. The large values of atten-
uation (fig. 31) probably result from per-
turbations in the driver gas, which
emanate from the driver itself, since the
viscous attenuation theory is in reasona-
ble agreement with experiment in other
cases. The trends illustrated in the figure
are attributed to expansion waves from
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the driver, which could result from a
nonuniform radial or axial temperature
distribution. Very roughly, it appears that
the higher velocity shock waves (lower P,)
outrun more of these secondary dis-
turbances. Conversely, increasing T, causes
a more rapid propagation of such distur-
bances down the tube. An investigation of
driver performance is now under way to
better understand the reasons for this
behavior.

Wave histories— Before a discussion
of conditions in the reflected-shock
reservoir, an overall view of the wave sys-
tem in the tube in in order. Figure 32
shows representative pressure histories at
five positions along the tube fromx/D = 31
to 110, for P, 0.031 atm and
T, ~ 5500° K. Events are as expected at
successive positions (fig. 32(a)), with a
developing region of constant pressure
behind the shock wave at the predicted
level, an identification of the contact
region by the twin-electrode probe record,
(fig. 12) a gradual stretching of the primary
driver expansion, and a following reflected
expansion from the driver. A close inspec-
tion of the primary expansion shows a
second and possibly a third expansion wave
embedded in the initial system. These over-
iding waves are believed to originate in the
driver tube, as suggested earlier, and contri-
bute to the attenuation of the shock wave.
Near the end wall (fig. 32(b)), the incident
shock reflects at about 70 atm and, at this
apparently undertailored condition, the
pressure drops quickly to a quasisteady
level. This decrease from the reflec-
ted-shock pressure occurs so soon after
shock arrival that it must be initiated by an
expansion wave embedded in the incident
system; the behavior is similar with or
without an attached nozzle and is therefore
not related to nozzle inlet filling. After the
first drop, the pressure is fairly steady for
2.4 msec with the 2.95-m driver, or until
the arrival of the reflected driver



expansion. With the 2.90-m driver, a second pressure jump occurs at about 1.5 msec, a reasonable
time for the arrival of compression waves reflected from the contact surface and an expected
feature in an undertailored reservoir. The arrival of the contact surface at the end wall is, as before,
identified by the side-wall impedance probe; over a number of runs (at these conditions), the time
varied from 0.7 to 2.1 msec in a random manner.?

Reflected Shock Reservoir

Theoretical estimates of the time interval for steady conditions in a shock-heated reservoir of
test gas were presented earlier. These estimates represent an idealized limit defined by the
tailored-interface concept for uniform driver conditions, an instantaneous diaphragm opening, and
no viscous losses. In practice, a number of phenonema that modify the ideal performance have been
identified and formalized to the extent that reasonable predictions can be made; other effects are
not so well understood and only general trends are available. The most obvious and bothersome
phenomenon is contact surface mixing, which reduces the amount of usable test gas both behind
the incident shock wave and at the reflected shock interaction; the processes are not well under-
stood but relate strongly to the behavior of the main diaphragm and to the relative gas densities at
the contact surface. The second phenonemon is the loss of gas from the test slug into the wall
boundary layer; here the mechanism is rather well defined (e.g., refs. 24—-26). An application of this
body of theory to the present experiments is given in appendix A. A third effect that reduces the
usable test gas in the reservoir is the reflected-shock bifurcation concept proposed by Mark (ref. 27)
and advanced by Davies (ref. 28). This process allows the boundary layer behind the reflected shock
wave to move toward the end wall and mix with the test gas entering the nozzle throat, in some
cases well before contact surface mixing degrades the sample.

In addition to these viscous loss mechanisms, at least two sources generate pressure waves to
perturb the reservoir gas, namely, the arc-heated driver and the contact surface. The possibility of
driver-generated expansion waves has already been suggested, with nonuniform heating and/or
radiative cooling as the driving functions. Mixing action at the contact surface creates a region with
both concentration and temperature gradients (ref. 29) so that passage of the reflected shock wave
will generate nonideal wave packets that smear out in time.

Lastly, energy loss by radiation could degrade the reservoir gas. This possibility is considered in
a later section, when nozzle flow properties are discussed.

In view of these many effects that can alter conditions in the reflected-shock reservoir, a direct
experimental approach was used to find the tailored interface. Some typical results are shown in
figure 33, where pressure histories behind the incident shock at x/D = 91 and in the reservoir
at x/D = 110 are given. Driver conditions are roughly constant at 5000° K and 300 atm, while
tube loading pressure is varied by two orders of magnitude. (Ideally, tailoring should occur at
Mg =17 and P, = 0.050 atm). At P, = 0.27 atm (fig. 33(a)), the reservoir is far undertailored, that
is, an expansion wave results from the reflected shock-interface interaction and reflects from the end

wall. Even before this, however, the pressure decays from Ps; due to an expansion wave following

“The impedance probe will obviously see changes in gas properties near the tube wall just ahead of the end
wall. Consequently, the observed signal may lead or lag the arrival of the contact surface at the tube centerline.
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Figure 33.— Shock-tube performance at several initial pressures.




Reservoir pressure, Atm

Reservoir pressure, Atm

|

295m driver

T4=5200 °K lidea)
P4=322 Atm (ideal)
Vg=4390 m/sec, x/D=25

150 30
x/D=N10 %x/D=91
Vg 23600 m/sec Vg=3740 m/sec
E
D Ps I
100 520
(o] 5
2
@
&
o el g
o
o® Lo © &
OOOQ 00 I 5 -
50 +—0 g 10
l o g Not available
cs P
RE
¢] ( 2 3 4 o] 1 2
Time from first signal, msec
(c) P, =0.070 atm
2.95 meter driver
T4=5670 °K (ideal)
P4 =319 Atm lideal)
Vg 5000 m/sec at x/D=25
50 30 1
/D=0 x/D=9
Vg=4330 msec Vg=45i0 msec
£
<20
00 -
£ RS
W
174
ki
a
Ps g
v
e o) jofo]o! (L © on 5 0
50 Yoov VOO g0 09n0 S
& °F o L E lpgfaspOo
RE CL RE
o} § 2 3 4 o] i 2

Time from first signal, msec

(d) P, =0.031 atm

Figure 33.— Continued.

35



2.95 meter driver
T4=4450 °K {ideal}
P4=274 Aim {ideal)
Vg=5220 m/sec at x/D=25

50 30
x/D=110 x/D=9l
V5=5030 msec Vg=5220 msec
E
c P4
; 20
= 100 g
¥ b
2 5
& 3 RS
5 2
>
@ (o) €
£’503 .030 DOOQO» g0
°° © q £ I
5 D}
l ook (5 oo 00
R P2
Ccs RE ‘
I cs
0] 2 3 4 [¢] { 2 3
Time from first signal, msec
(e) P, =0.015 atm
295 meter driver
T4=5600 °K lideal)
P4=316 Atm (ideal)
Vg=6790 m/sec at x/D=25
150 30
x/D=110 x/D=91
Vg=6330 msec Vg=6590 rrisec
£
e b
= 100 ?_; 20
¢ 2
2 &
8 5
a S RS
E % ‘
g cs
3 50 1 O )
o I ) 5005Y0 o ° l
(53
(o] o0 o) £ cs )
O OO
o L | o 000
IRE EJ'SQ——PZ
o i 2 3 4 (¢} | 2 3

Time from first signal, msec

(f) P, =0.0026 atm

Figure 33.— Concluded.



the incident shock, shown in the record at x/D = 91. The reservoir drops to about 1/2 Ps before
the reflected driver expansion arrives. The behavior is similar at P, = 0.132 and 0.070 (figs. 33(b)
and 33(c)) except that the pressure is stable for a longer time. In figure 33(d), the loading pressure
is well below the ideal value but the reservoir record remains undertailored; this can be attributed to
the shock velocity being less than required for tailoring (due to viscous and expansion-wave attenua-
tion) so that the driver gas behind the interface has not expanded to the desired temperature, T5.
On the other hand, the record at x/D = 91 now shows the rising pressure that should occur in the
absence of a large secondary driver expansion. At P; = 0.015 atm, the record has the appearance
of a tailored interface with two imposed expansion waves, already present at x/D = 91; the shock
attenuation is quite small and the velocity comes close to the ideal value. Finally, in figure 33(f),
where P; = 0.003 atm, the record indicates the reservoir to be overtailored (successive shock
reflections), at incident shock velocities in excess of the ideal tailored value of about 5800 m/sec.
Figure 34 is a summary plot of these and other results.
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Figure 34.— Identification of tailored interface condition.
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These results indicate that interface tailoring occurs when the driver gas has been expanded to
about the temperature required for interface matching. In an ideal gas this is defined simply as

(yq + 1)y

=2 F Dy ©)

T3

while in real gases there is a dependence on P,. To achieve the required gas velocity for matching
T5, the tube loading pressure must be reduced below the ideal value to compensate for nonideal
effects in driver and diaphragm performance (in this illustration, by a factor of about 3).

An alternate approach to tailoring is shown in figure 35 where P, and P, (ideal) are nearly
constant and T, (ideal) is varied from 8600° to 3470° K. At the right of each figure, the shock
velocity profile is compared to the attenuation predicted from Mirels’ theory for turbulent
boundary layer (ref. 26), matched to the experimental velocity at x/D = 25. As T, is decreased
the reservoir pressure approaches a tailored condition and the shock attenuation is reduced. At
T, = 3470° K and P, = 314 atm (fig. 35(d)), the predicted tailoring velocity is 4730 m/sec at
P, = 0.095 atm. Again, the tailored interface appears to occur at the shock velocity that expands
T5 to the interface matching value, while the loading pressure is about 1/3 the ideal.
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Figure 35.— Shock-tube performance at several driver temperatures.
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Figure 35.— Concluded.

In summary, the arc-heated driver can be adjusted to yield tailored-interface reservoir condi-
tions, with reasonably steady pressures for times that compare favorably with the theoretical
predictions of figure 11. Results for two driver conditions are summarized in figure 36 where, as a
function of shock-wave velocity, time is measured from the start of the steady pressure period. As
shock velocity is increased (by lowering P; ) toward the tailored interface condition, the arrival of
the reflected driver expansion is delayed and the useful time increases. At Vi > 4 km/sec, the
reservoir pressure remains nearly steady for 1.5 to 2.0 msec. In general, tailored reservoir pressures
are limited by available driver pressure (which, in turn, is fixed by capacitor energy) and by the
reduction in tube loading pressure needed to achieve the tailoring shock wave velocity. Tailored
reservoir enthalpy depends mainly on driver temperature, which is easily varied, but will be limited
by attenuation and radiation losses as T, is increased.

A detailed examination of the several viscous effects that serve to reduce the usable slug of reservoir
gas is beyond the scope of the present report. However, a brief study of the mass loss around the
interface is given in appendix A, where the predictions of Mirels compare favorably with experi-
ment. The combined effect of viscous losses will be considered in the next section by evaluating the
residual test time available in the nozzle flow.

Nozzle Flow

The characteristics of an expanding nozzle flow of air and the stream properties in the test
section were investigated for a nominal set of reservoir conditions, Hp =18.6 kJ /g and Py = 54 atm.

These conditions were obtained, purposely, with an undertailored shock system, to sup-
press the propagation of interface — mixed gases into the test gas adjacent to the nozzle inlet.
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Figure 36.— Duration of steady reservoir pressure.

Typical reservoir pressure histories are illustrated in figure 32(b) for the two driver configurations
used, Figure 37 is a photograph of the nozzle and test section.

Nozzle starting time— The time required for the starting shock wave and the first steady-flow
signal to reach the test section are shown in figure 38, for two nozzle throat diameters.® The
experimental results are compared with the incident shock theory of reference 11 and the steady-
flow concept of reference 9, as shown previously in figure 15. It is apparent that the incident shock
wave arrives much earlier than predicted, particularly when the smaller throat (d* = 0.45 cm)
is used. Steady-flow arrival times agree reasonably well with the simple (U-ua) prediction and
show little effect of nozzle throat size; values range from about 0.7 to 1.0 msec. If (U+a) time
gained at the end of nozzle flow (fig. 15) is subtracted from these values, the net loss in test time
due to nozzle transients is only 0.3 to 0.5 msec. This loss factor is expected to vary inversely with
total enthalpy, which is corroborated by the trends shown in figure 39 for pure nitrogen. These
data, from the investigation reported in reference 30, were obtained in this same nozzle
with d* = 0.32 cm; they indicate a similar shock arrival time but a longer interval until steady flow
begins. As the enthalpy Hp is increased from 7 to 40 kJ/g, the starting interval is reduced by 1/2.

Model starting time— A limited amount of data was obtained to indicate the time required for
steady flow to become established on a long slender model (compared in fig. 40 as a function of
local flow temperature, with predictions shown earlier in fig. 16). The two curves of ¢t = L/a cor-
respond to the pressure orifice locations L on a static pressure probe with an ogive tip of fineness

*The usable flow time in the test section begins with the first steady flow signal and continues until a (Uta)
wave from the reservoir signals the arrival of the reflected driver expansion.
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ratio 10.9. The experimental results are
shown as index marks on these curves, at the’
appropriate time values. Local flow tempera-
tures are not known for each case but should
be less than the equilibrium flow estimate
shown in the figure. With one exception, the
flow adjustment times appear in reasonable
agreement with predictions based on the local
speed of sound and body length. Note that
these times are about the same as those identi-
fied with nozzle starting transients.

Test time— Measurements of nozzie test
time are shown in figure 41 at shock velocities
near 4300 m/sec, the velocity that yields a
nominal reservoir enthalpy of 18.6 kJ/g. Test
time is defined here as that period during
which the flow in the test section is “aerody-
namically clean” as evidenced by a constant

-ratio of either static pressure to total (reser-
voir) pressure P,JPT or pitot pressure tfo total
pressute PTZ/PT’ and/or by a stagnation heat-
ing rate representative of the test gas reservoir
enthalpy. In most cases, the arrival of driver
gas in the test region was signaled by a clear
deviation from these criteria. In figure 41 the
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data are compared with an upper boundary represented by the arrival of the leading edge of the
reflected driver expansion in the test region. The recorded test time varies substantially from run to
run but generally falls within the indicated limit. The average is between 1.5 and 2.0 msec, with
lower values attributed to more interface mixing in the reservoir or a slower nozzle starting process.
A few relatively long times show that test gas, on occasion, can be available up to or even beyond
the arrival of the driver expansion. Thus, on the basis of the present sample, a test time of at least
1.0 msec is available in four out of five runs at the stated reservoir conditions.

Stream calibration— The nozzle expansion of a shock-heated, partly dissociated, diatomic gas
can be safely: assumed to incur nonequilibrium of both chemical and vibrational energies. The
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available literature has demonstrated this fact most convincingly. Knowing this, the stream proper-
ties to be measured must be chosen to identify the degree of nonequilibrium, that is, the depth to
which the fine structure is probed should be consistent with the intended use. In the present study,
the method outlined in reference 2 will be used since the objective is a stream suitable for aerody-
namic testing. Hiers (ref. 2) shows that when the conventional stream pressures (pitot and static) are
propetly interpreted, they define an effective freeze Mach number M and expansion ratio 4 [A*;
these terms can be used, in turmn, to derive the remaining stream properties. The resultant set was
found (ref. 2) to be in good agreement with a numerical solution of the nonequilibrium expansion.

This method is applied to the present results in figure 42, where the coordinates are static
pressure and pitot pressure referenced to reservoir pressure. The M and A [A* grid represents a set
of one-dimensional, real-gas calculations of air expansions; in each solution, equilibrium flow is
assumed to exist from the reservoir to the flow freeze point defined by M. Beyond this point, the
chemical composition and the vibrational energy are assumed constant as the expansion continues
in the translational and rotational energy modes. This grid is the theoretical map to which the
experimental measurements will be matched.
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Figure 42.— Nozzle flow map.
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The pressure probes used in these experiments are illustrated in figure 43. Stretched-
diaphragm, variable-capacitance pressure cells were mounted in the probes behind heat sink baffles.
The static pressure probe was mounted on the acceleration damping support (fig. 17), while the
pitot probe was mounted on an adjustable rake that spanned the test stream. This rake also held
several heat-transfer probes — thin copper hemispheres (2.5-cm diam and 0.012 mm
thick) - instrumented at the stagnation point with 40-gage chromel-constantan thermocouples.

686 cm A\ ]
534 cm
38.1cm
4 20.8 ¢ ]
— Vi 3§ %
ca S

— LI.O4 c¢m, 5 deg conicat tip on T _
circular ogive nose 19 cm dia

Two rows of 16 orifices
1.5 mm dia

(a) Static pressure probe.

6lcm rad

—

2 e Z
I‘_ % Cm“’] T Rake body

7 orifices .
I mm dia 25cm dia

(b) Pitot pressure probe.

Figure 43.— Test section probes.

Pressure and heat-transfer measurements were made at two axial stations in the test section,
one 12 cm downstream of the nozzle exit plane and the other 41 cm, for the nominal reservoir
conditions Hp=18.6kJ /g and Py =54 atm. Nozzle throat diameters of 0.45 and 1.27 cm were
used. Corrections to measured pitot pressure for low-density effects were found to be negligible. On
the other hand, corrections to the static probe measurements were substantial and difficult to define
(for a discussion, see appendix B).

Table 2 is a summary of test conditions and measurements. The first thing to note in the table
is the agreement of measured and theoretical stagnation heating rates (columns 9 and 11) for the
runs with the larger nozzle throat diameter (runs 1, 2, 24, 25, and 28). The theoretical rates were
obtained from equation 3 of reference 31, which in present notation, is

P U 1.99
[ T2 o Hw
A —_ | — == 6
95 = 86.9 R (10000) (1 HT> ©)

where U, is the local flow velocity appropriate to an equilibrium expansion. The observed agree-
ment between theory and experiment is evidence of two conditions: first, that the energy of
dissociation is recovered at the model surface by recombination either in the boundary layer or by
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surface reaction, and second, that the total stream enthalpy is the same as that in the reservoir
during the interval of measurement (column 10 of table 1).° This latter result has also been
observed in references 2 and 30 for air and nitrogen over a range of reservoir enthalpies. Thus, it is
concluded that at the present conditions there is no significant loss of energy from the central core
of reservoir gas to the enclosing walls during the test period.

With the 0.45 cm nozzle throat (runs 8, 22, 23, 26, and 34), the measured stagnation heating
rates were only 60 to 70 percent of the theoretical predictions, indicating that some of the flow
energy is not available to the probe. Presumably, this would be in the inert energy modes,
dissociation and molecular vibration. Accordingly, limiting estimates of gas reactions in the probe
shock layer are summarized in table 3. These results show that very little dissociation or vibrational

TABLE 3.—ESTIMATES OF GAS REACTIONS IN PROBE SHOCK LAYER FOR

R=127cm
Calculated value Degree of
Energy Defining _ activity Ref.
exchange arameter A[A* = 2800 A/A*= 11000
process P Py =3.3X10°2 atm | P, = 82107 atm | (AE/HT)g/4%=11,000 | ™
Oxygen (dojdt), X 7 R
dissociation Residence 0.023 - 0.035 0.006 — 0.009 <0.007 32
Rate X .
time
Nitrogen dajdt) X 0.008 0.002 <0.003 32
dissociation (daf )N R ' ’ )
Nitrogen T V/ R
vibrational Excitation time 124 40.3 ~0 32
excitation Residence time
Recombinati 4.~ @@og =0
comomation) s 75Ky, 0.55 — 0.84 0-0.24 <0.054 33
surface s )KW oo~ s )KW=0
Recombination o
in Diffusion time <8X107° <2X107® 0 33
boundary layer| Char. atom lifetime
Combined C3
gas - surface Residence time 2X1073 <1X107* 0 34
recombination| Recombination time
Recovery
of
vibrational o o e 0.069 Tt
energy

®Reservoir enthalpy is defined here by using the measured pressure and the entropy corresponding to the
equilibrium, reflected-shock conditions.
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excitation will occur in the shock layer (4/4* = 11,000), so that the gas approaching the stagna-
tion point of the probe is essentially at freestream composition and excitation level due to the
relatively low pressure and short flow residence time on this small probe. Further, the results show
that no atom recombination will occur

in the stagnation region boundary layer, ' 86 k J,ﬂ 27 om

and very little, if any, on the surface AN 00 nerky
itself. This last reaction, the recombina- ‘ ovgilable fo-model, ec
tion due to surface catalycity, is the T s = ié‘c%o ]
most difficult to evaluate. Taken along, \ {//

after the manner of reference 33, a mea- 8 — ==
surable energy recovery is predicted. //’&;‘:%cm
Considered together with the gas-phase _ o % A/¥11000
behavior near the surface (as in ref. 34), m;i e - o aireom sy trozen
the energy recovery should be negligible. i V17 F—:-‘

This disparity is resolved by comparison A From mepsured pressures,

of theory with measured results in 4 | Appends 8

figure 44, whe_re the heatir}g 1‘rate 'Fo a s Ru‘ﬂge o meosulremems

surface of arbitrary catalycity is ratioed o |

to that for a fully catalytic surface and 2 E)e:;tg.g' é‘"l:s from 2:‘5:1;; A of 1ol 5

plotted versus effective freeze Mach
number. The lower dashed curves, for
K, (the catalytic reaction rate constant) 0 ! e freore Saoch number?MF 5 6
equal to O, represent the case for no sur-

face energy recovery and compare

favorably with experiment. Figure 44.— Energy available to heat-transfer probe.

To summarize, table 3 and figure 44 define the condition of the shock layer on the heat-trans-
fer probe as follows:

1. At the higher density condition (4/4 * = 2800)the inviscid layer is essentially frozen at the
stream composition, the boundary layer is also chemically inactive, but the surface reaction is
sufficiently fast (X, > 2000) that both the dissociation and vibrational energies are fully recovered.

2. In the lower density flow at 4/4* = 11,000, the shock layer is completely inactive, and
the surface reaction is negligible in that essentially none of the dissociation or vibrational energy is
recovered.

It is somewhat surprising that the energy exchange at the probe surface is so sensitive to a
density change of only about 5; by inference from these results, it appears that the composite
Damkohler number C¥ (ref. 34) is more strongly influenced by diffusion of atoms in the boundary
layer than the theory predicts.

Since both the shock layer and the surface are inactive at A/4* = 11,000, the measured
heating rate can be used to infer the atom concentration that exists in the flow approaching the
probe. If both vibrational energy exchange and atom recombination are assumed to freeze at the
same location in the nozzle expansion, the results are as shown by the symbols in figure 42. The
effective M of this flow is 2.3 + 0.4 based on the stagnation heating and pitot-pressure measure-
ments. A similar result is obtained for this expansion ratio if pitot and static pressures are used to
define the flow; the crosshatched area in the figure yields Mg = 2.6 + 0.4. Other results are shown
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in the figure to define the flow (with d* = 0.45 cm) 41 c¢m from the nozzle exit, and for both axial
positions with d* = 1.27 cm. To the accuracy of measurement, the effective freeze Mach number
is essentially the same for both nozzle expansion ratios, and the resultant atom mass fraction is
about 0.25. Thus, the recombination processes appear sufficiently rapid to return nearly all the
nitrogen to molecular form, leaving essentially all the oxygen in the atomic state. Figure 42 also
shows how far the actual flow departs from an equilibrium expansion, and the reduction in A/A4*
due to the nozzle wall boundary layer.

For nominal reservoir conditions and M F = 2.3 the remaining stream properties have been
derived in table 4. The velocity is about 5040 m/sec, while Mach numbers vary from 16 to 24 for

TABLE 4.— SUMMARY OF TEST STREAM PROPERTIES

[Hp=18.6 kI/g; Pp = 54 atm,; test gas, dry air; test time, 1.5 msec]

Mp=123
d* =045 cm d¥ =127 cm

Station 1 Station 2 Station 1 Station 2
M 229 23.8 159 16.9
U, m/sec 5040 5050 5010 5020
T_..°K 95 83 184 167
Z, 1.25 1.25 1.25 1.25
P_,atm 1.23x10°° 0.86X10°° 9.12X10°° 6.53X10°
P, glem® 3.69X10°8 2.91X10°® 1.41X107 1.11X107
Density alt., km 76.2 77.8 66.5 68.3
Refcm 230 185 525 450
Test core diam., cm 30 ‘ 35 45 >45
AJA* 11000 14000 2800 3500
Frozen chemical 0.255 0.255 0.255 0.255
energy fraction
Frozen vibrational 0.073 0.073 0.073 0.073
energy fraction
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the different stream temperatures.
Stream Reynolds numbers vary from
about 180 to 525 per centimeter, and
test core diameters from 30 cm to more
than 45 cm. The inactive energy tied up
in dissociation and vibrations is about
1/3 the total stream energy. This set of
properties represents test conditions
available for aerodynamic studies at the
exit of the 76-cm nozzle
with HT = 18.6 kJ/g.

Axial and transverse gradients—The
axial and transverse variations of flow
properties in the test region are illustra-
ted by results from pitot-pressure sur-
veys (fig. 45). With the 1.27 ¢cm nozzle
throat, measurements in the wvertical
center plane show a test core about 40
to 45 cm in diameter with a reasonably
uniform profile. The flow overexpands
slightly near the centerline and is not
quite symmetrical, with an under-
expanded region near the top edge of the
inviscid core. The wall boundary layer is
about 15 cm thick. Corresponding Mach
numbers are shown in the lower part of
figure 45(a); the axial gradient is about
0.036 units/cm.

In figure 45(b), the survey data
with d* = 0.45 cm are shown for both
the horizontal and vertical center planes.
The test core is generally symmetric
about the centerline, is about 30 to
35 cm in diameter, and is slightly over-
expanded in the center region. The wall
boundary layer is about 20 cm thick. In
the lower part of the figure, the cor-
responding Mach numbers indicate an
axial gradient of 0.33 units/cm.

These calibration results show that
the inviscid conical flow is rather
strongly influenced by the nozzle wall
boundary layer. Ideally, the flow in any
cross plane should expand beyond the
centerline value with increasing radial
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distance, whereas in practice the opposite is true. Thus, the boundary layer is acting to modify the
nozzle shape so that the inviscid flow is turned inward and the local flow angles in the outer region
of the test core are reduced. If this effect of aerodynamic contouring is included, the maximum
local flow angles in the test core are estimated to be no more than 5° and 3°, respectively, for
the d* = 1.27 cm and 0.45-cm nozzle throats.

CONCLUDING REMARKS

The design and performance of a high enthalpy shock tunnel using arc-heated helium as the
driver gas has been described, and the potential range of operation as a gasdynamic test facility at
total stream energies from 7000 to 35,000 J/g has been indicated. Arc-discharge heating has proven
to be a reliable method of energizing many different gases, to the end that reservoir conditions
suitable for large nozzle expansions can be achieved for a variety of test gases and entropy levels.

The initial energy conversion efficiency of the arc driver (in terms of shock speed) varied from
nearly 100 percent to about 75 percent as the driver-gas temperature increased from 3000° to
8600° K. Conversely, shock-wave attenuation was substantially above theoretical predictions at high
driver temperatures and lower shock velocities, indicating that energy losses in the driver are time
dependent.

Tailored interface conditions occurred at pressures about a factor of 3 below predictions, as
operation was adjusted to compensate for shock-wave attenuation; with driver temperature, the
tailored shock Mach number in air increased from 11.5 at 3500° K to 14.6 at 4500° K.

A preliminary nozzle calibration was obtained in air at a nominal reservoir pressure of 54 atm
and enthalpy of 18,600 J/g. The flow in the test section was essentially a mixture of atomic oxygen
and molecular nitrogen, moving at a velocity of 5000 m/sec. Mach numbers varied from 16 to 24
and Reynolds numbers from 200 to 500 per centimeter, for test core sizes from 30 to 45 cm. Flow
times suitable for aerodynamic testing averaged 1.5 to 2.0 msec at these conditions; no significant
loss of total stream energy occurred during the test period.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., 94035, Nov. 5, 1972
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APPENDIX A
LOSS OF TEST GAS BY INTERFACE LEAKAGE

Ideal shock-tube theory has the separation distance between the shock wave and contact
surface increasing linearly with distance from the diaphragm. When viscosity is included, the wall
boundary layer that develops behind the shock wave becomes a gasdynamic sink that moves the test
gas past the contact surface. This causes the shock to slow down and the contact surface to speed
up, reducing the separation distance below the ideal value. This reduction obviously will decrease
the size of the test gas slug behind the reflected shock.

The work of Mirels has become the classical standard for predicting these losses, as presented
in references 25 and 26 for laminar and turbulent boundary layers, respectively. In the present
application, predicted separation distances will be compared with measured values behind the
incident shock and the extent of the reservoir gas slug will be inferred from this result. Figure 46
shows a representative set of Mg data for nominal T, = 5300° K and P, = 310 atm; note that shock
attenuation decreases at lower initial pressures. In figure 47, the same data are represented by
Reynolds numbers based on the predicted separation distance, using an expression similar to Mirels’:

2

where u, is the gas velocity relative to the shock wave and %, the predicted separation distance
at x/D =110, for either the laminar or turbulent boundary layer. The dashed lines in the figure are
extensions of the approximate limits suggested by Mirels for the region of boundary-layer transition
between the shock and contact surface. For the present operating conditions, the transition region
is indicated at M about 10 to 12 at Reynolds numbers near 107, in reasonable agreement with the
location of the decrease in shock attenuation noted in figure 46. (The theory predicts laminar
attenuation to be less than turbulent attenuation.)

Combining these ideas in figure 48, incident test slug length is shown in relation to initial
pressure, P, , with laminar and turbulent predictions shown as solid lines. The symbols denote values
measured near the end of the tube with the impedance probe; filled symbols correspond to the data
of the previous two figures. Agreement is good at high and low pressures where the boundary layer
is fully turbulent or fully laminar, while a transition band lying somewhat below the prediction
connects the two curves. Incident slug lengths vary from 0.45 to 1.05 m.

The good agreement of experiment with theory for the incident shock wave serves as a basis
for estimating the quantity of test gas behind the reflected shock. If other viscous loss mechanisms
are neglected, and with the density ratio Ps/P, as the inverse of length, the results shown in
figure 49 were obtained. Test gas lengths behind the reflected shock are shown as dashed lines. Solid
lines represent the “equilibrium interface” condition, a quasi-steady situation occurring after
secondary wave reflections between the end wall and interface have sensibly been damped. At high
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initial pressures, the reservoir is undertailored, the final pressure (and density) is less than Ps, and
the slug length increases. At low pressures the opposite is true as pressures increase above Pg in
successive compressions. Thus, lengths of 9 to 30 cm are predicted for a turbulent boundary layer,
and 3 to 21 cm for a laminar boundary layer. Near tailoring, at P; =~ 0.015 atm, the length
estimated in this manner is about 80 percent of the ideal. While these results are in the nature of an

upper limit on the available test gas in the reservoir, it appears that a substantial fraction of the
initial mass will be available in the test section.

T
o 2.95 mdriver 4
T4=5300 °K
- P4=310 Atm -

x/D=25
x/D=110 /

o | \ , |
AN

'00}6 8 0 12 14 16 18 20

Incident shock Mach number, Mg

Figure 46.— Variation of Mg with initial pressure in tube.
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APPENDIX B

REDUCTION OF STATIC PROBE PRESSURE MEASUREMENTS

The measurement of static pressure in shock-heated, high Mach number gas streams is difficult
for many reasons. The absolute pressure is below the operating range of conventional transducers,
considering the size limitation and required response time; the temperature potential of the flow
requires thermal shielding which, if in the form of an orifice and cavity, introduces substantial
orifice corrections; and the boundary-ayer-induced pressures in high Mach number, low-density
flow are not well understood. In the present calibration study, a stream probe was used, rather than
side-wall pressure taps, to evaluate static pressure in the test region. A slender, cylindrical shape
with changeable ogive tip sections was used (see fig. 43). Runs were made with ogive tips having
fineness ratios of 5.2, 6.0, and 10.9 (as shown in table 2), and measured pressures ranged from
4X107% to 13X10°% atm (30 to 100 uHg absolute). These results were corrected for low-density
effects at the orifice using the method of reference 36 (listed in table 2).

Allowance for boundary-layer-induced pressures was made using the theoretical formulation of
reference 37, modified slightly to accord with two numerical solutions of similar low-density, high
Mach number flows over very slender bodies, and the experimental results of reference 38. From
equation 49 of reference 37, the viscous induced pressure on a blunted slender rod can be expressed
as

- =
Py=P, 1| /[P» WD g2 (COM P (B1)
= n (1 n)K4]
P 2 P 2 Rey x/d]  Po
where
w7
_ v = 1\(Ty =~ W
G =172 (——-2—><———TT + 0.386> and C = w1, (B2)

while n and K, relate to the inviscid pressure decay in the blast-wave region just downstream of the
blunt tip. For present purposes, equation (Bl) was modified as follows. First, the term-
[(1-n)K,4]1? was assumed to be unity, that is, the limiting value for small viscous interaction.
Justification for this action is based on two observations: (1) for the slender probe tips used here,
the predicted inviscid pressure distribution (see fig. 50) is not like a blast-wave decay, but shows
flow overexpansion at the tip-cylinder juncture (shoulder) with a subsequent pressure recovery back
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Figure 50.— Correlation of method of characteristics solutions for ogive-cyclinder bodies; ideal gas, v = 1.4.

to the stream value along the cylinder; (2) the thick boundary layer on the cylinder, far from the
shoulder, is expected to grow gradually, which will not induce large surface pressure gradients.
Thus, the flow field on the cylinder, which in conventional terms could be classified as a strong
interaction region with large values of the parameter M3/ /Re, actually does not exhibit such
behavior. The second (and minor) change in equation (B1) is to replace T',,/T; in the expression for
G with Hy,/H, the enthalpy ratio.

To check the validity of these arguments and the usefulness of equation (B1) for slender pointed
bodies, several predictions of induced pressure are compared with numerical solutions in figure 51.
The first case (fig. 51(a)) is for an equilibrium, uniform flow of air at M. = 10; the numerical
solution was obtained by iterating between the inviscid flow (MOC) and the flow with boundary
layer, after the method of reference 39. At x/D > 10, the induced pressure is relatively small and
both methods give about the same result, although the axial gradient is less by the approximate
method. In the second case (fig. 51(b)), the uniform, frozen flow conditions for the numerical predic-
tion are approximately those of the present tests, while the probe geometry is identical. The
iterative solution (ref. 40) follows the work of Gravalos et al. and Levine. In this case, the induced
pressures are sizable and the axial gradient at x/D > 10 is fairly large. The approximate prediction
again shows a smaller gradient, although the pressure level is comparable. In figure 51(c), the
comparison is with the theoretical and experimental results of reference 38. Again the stream flow
is uniform and essentially in equilibrium, while the probe is a very slender cone cylinder. The range
of measured data is shown by the bar symbols. In this case, the approximate prediction compares
very well with the data of Ellinwood (ref. 38) at M., = 20 in air.

In view of the favorable results obtained in these comparisons, the modified form of equation
(B1) was used along with the experimental values of surface pressure to solve for the local static
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Figure 51.— Concluded.

pressure. Solutions were obtained for several assumed values of M until the initial and final P.
were equal. The required stream properties M., Re., T in each case were those appropriate to the
assumed M (after ref. 2, and as discussed earlier in connection with fig. 42). The pressure correc-
tion factor was based on stream properties in the actual flow at the model tip, even though the test
flow is a modified conical expansion. The pressure correction so obtained is probably on the low
side; nevertheless, it should be more representative of the pressure field of the developing boundary

layer than a correction based on the local stream properties at the A/A* of the orifice location (see
fig. 42).
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